1. In a 5-week enclosure experiment, we studied the effects of light (ambient light, low light) and prey availability (no prey, prey added) on growth and investment in carnivory in Utricularia vulgaris. 2. Investment in carnivory, measured as the proportion of biomass allocated to bladders, was strongly affected by our manipulations of light intensity and prey density. In the treatment with high prey density the light reduction decreased the investment in bladders from 25% to zero. The effect of prey density on investment in bladders was negative. Because prey addition increased the concentration of nutrients, especially phosphorus, we propose that the effect of the prey treatment on investment reflected altered nutrient concentrations. 3. Availability of prey increased growth and apical biomass of Utricularia. As Utricularia had very few bladders in some treatments we suggest that the effect was due to a combination of live prey trapped and increased nutrient availability from dead prey. 4. Abundance of periphyton on Utricularia and on the enclosure walls was highest in the treatments with high prey density where nutrient concentrations were highest. Thus we interpret the response of periphyton as primarily reflecting nutrient availability.
Introduction
Some plants have evolved the ability to capture and ingest animal prey, apparently thereby overcoming nutrient limitation in moist and sunny habitats (Lü ttge, 1983; Givinish et al., 1984; Benzing, 1987; Juniper, Robins & Joel, 1989; Adamec, 1997b; Ellison & Gotelli, 2001 ). Nitrogen and phosphorus derived from animals are readily taken up and enhance plant performance in terms of growth (biomass, length of shoots, leaf size, number of leaves), reproduction (number of seeds and flowers, size and nutrient content of seeds and turions) and competitive ability (Givinish et al., 1984; Wilson, 1985; Thum, 1988; DeRidder & Dhondt, 1992; Friday & Quarmby, 1994; Zamora, Gómez & Hó dar, 1997; Otto, 1999) . Production and maintenance of organs necessary for the attraction, capture and digestion of prey are costly, however, and can reduce photosynthetic rates (Friday, 1992; Knight, 1992; Adamec, 1997a; Méndez & Karlsson, 1999) .
A cost-benefit model has suggested that the benefits of carnivory decrease when nutrient availability is high and when other factors such as light or water are limiting (Givinish et al., 1984) . Thus investment in carnivory is expected to be low under such conditions. Moreover, it could be argued that investment should be low at low prey densities as the potential gain in terms of animal-derived nutrients is very low. The aquatic genus Utricularia is particularly well suited for tests of these predictions, as the specialised prey capturing organs, the bladders, are distinct from the leaves. Tests of the predictions have yielded inconsistent results, however. Studies of the effects of prey density on the investment in bladders by Utricularia have reported positive effects (Sorensen & Jackson, 1968; Jobson, Morris & Burgin, 2000) , negative effects (Guisande et al., 2000) , or no effect (Knight & Frost, 1991) . Similarly, the effect of nutrients on the investment in bladders was positive in Guisande et al. (2000) , negative in Knight & Frost (1991) and nonsignificant in Jobson et al. (2000) .
A field experiment and estimates of consumption rates in the field for three Utricularia species showed that predation can be sufficient to depress field densities of microcrustacea (Harms, 2002) . This means that investment by the plants can influence the dynamics of the prey community. For example, decreased investment with decreasing prey density creates a negative density-dependence analogous to a stabilising type III functional response. For aquatic Utricularia, the dynamics are further complicated by direct and indirect interactions with periphyton. The leaves of Utricularia serve as attachment sites for epiphytic algae and bacteria that are provided with carbon and other nutrients lost to the water by Utricularia (Wallace, 1978; Carpenter & Lodge, 1986; Moeller, 1988) . By capturing microcrustaceans that graze on the periphyton, Utricularia may regain nutrients once lost to the periphyton and receive nutrients taken up by the periphyton from the water column. In addition to this indirect interaction there is competition between Utricularia and periphyton for nutrients and light (Carpenter & Lodge, 1986; SandJensen & Borum, 1991; Moeller, Wetzel & Osenberg, 1992) . In summary, the interactions between Utricularia, microcrustaceans and periphyton can be described as a closed feedback loop (Fig. 1) . A model of this system suggests that its dynamics are complex and depend on the strength and nature of the different interactions (Ulanowicz, 1995) .
In this study, we tested the predictions that investment in carnivory by Utricularia vulgaris L increases with an increasing degree of nutrient limitation and with increasing prey abundance. Assuming that decreasing light intensity lowers the demand for nutrients, we tested the predictions by manipulating light intensity and prey density in enclosures and examined the effect on investment in bladders. Evaluating the effects of investment patterns on the dynamics of the food web requires knowledge about the strength of the different interactions. Thus, we also examined how Utricularia growth and the abundances of periphyton responded to these manipulations.
Methods
We studied the effects of light and density of microcrustacean prey on investment in carnivory in a 5-week enclosure experiment run between 7 July and 10 August 2000. The study site was a shallow, oligotrophic, fishless pond near Umeå in northern Sweden. As floating enclosures, we used 40 black 65-L plastic tubs, for which foam balls provided buoyancy. Two patches of nylon net (15 · 20 cm, 0.1 mm mesh size) in the walls of each enclosure allowed some water exchange without allowing prey to enter the tubs. In the experiment, we used two levels of light crossed with two levels of prey density. Twenty enclosures were covered by white cloth to reduce light, referred to as 'low light' treatments, the others were left open as 'ambient light' treatments. To 10 of the 'low light' and 10 of the 'ambient light' enclosures, we added microcrustaceans ('prey added' treatments), the other 20 enclosures served as 'no prey' treatments. Prey were captured initially from the surrounding littoral zone with a net (0.1 mm mesh size) that was swept 30 times through the vegetation. Captured prey were released into a bucket with lake water and poured through a coarse sieve (2 mm mesh size) to remove large predators and plant material before adding them to the enclosures. This procedure was repeated three times each week throughout the experimental period. To maintain low abundance of prey in the 'no-prey' treatment, we emptied 80-90% of the water in the enclosures over the rim every second day. They were then refilled through the nylon Fig. 1 The arrows indicate positive and negative interactions between microcrustacean grazers, periphyton and Utricularia. The hatched lines indicate that these interactions are absent when Utricularia does not invest in bladders. nets. A similar procedure was used in the 'prey addition' treatment, but here the enclosures were emptied through the netted patches to retain the microcrustaceans. Two weeks after the start of the experiment, we sampled prey density in all enclosures and 10 random points outside the enclosures. We took a 170-mL sample with a core sampler (3.6 cm in diameter, lowered 17 cm into the water) and preserved all animals in ethanol for later identification. The prey assemblage in the enclosures was dominated by cladoceran genera known to live on and around macrophytes, i.e. Chydorus (relative abundance 25%), Simocephalus sp. (19%) and Peracantha sp. (11%). Furthermore, we kept 40 individually marked Utricularia shoots at natural prey densities outside the enclosures, referred to as 'open water' controls. Twenty of these were left untreated and 20 shoots were held under the cover of white cloth.
At the start of the experiment, we placed one shoot of Utricularia in each enclosure and marked the tip of the main shoot and all side shoots with coloured wire clips about 1 cm from the tips. To estimate growth we measured the distance from mark to the apex of each shoot. Utricularia shoots outside the enclosures were treated in the same way. Measurements of length and marking were repeated three more times during the experiment. We put one additional Utricularia shoot in each enclosure that we used for analysis of the amount of periphyton on Utricularia.
In August, before the end of the experiment, we sampled 200 mL of water for nutrient analysis from each enclosure and from 10 random points outside the enclosures. We also sampled phytoplankton and periphyton growing on Utricularia and on the walls of the enclosures. Periphyton was removed from Utricularia by shaking a 10-cm shoot in 200 mL tap water for about 1 min (Jones et al., 1999) . Periphyton from the walls of the enclosures was collected after termination of the experiment by scraping with a piece of plastic a 0.5-cm wide streak of periphyton from the bottom of the tubs to the edge. Sampled periphyton was then suspended in 200 mL of tap water. The abundance of algae and periphyton was determined by analysis of the chlorophyll a content of the samples according to standard operating procedures (HELCOM, 1998) .
At the end of the experiment, all Utricularia shoots were preserved in ethanol. Shoot length and dry weight were determined and size-specific growth calculated as ln(L stop ⁄ L start ), where L start and L stop is shoot length at the start and end of the experiment, respectively. We used the top 5 cm of the main shoots for analysis of investment in carnivory. All bladders were removed from the leaves and both bladders and leaves were dried at 48°C for 24 h and weighed. Investment in carnivory was defined as the proportion of total biomass that was made up by trap biomass.
When testing the significance of the treatment factors we used two-way A N O V A A N O V A . The results from the open water treatments were not included in these analyses but the data are presented in graphs and used in qualitative comparisons.
Results

Treatments
The manipulation of prey density resulted in low prey density in the no-prey treatment and high density in the prey addition treatment, although not as high as in open water samples (Fig. 2) . In the enclosures nutrient concentrations covaried with prey density. The concentration of phosphorus was highest in the prey addition treatment (Fig. 3a,b ; two-way A N O V A A N O V A , effect of prey addition: F 1,36 ¼ 38.8, P < 0.001 for total phosphorus and F 1,36 ¼ 3.4, P ¼ 0.07, for phosphate). A positive effect of prey addition was also noted for the concentration of total nitrogen (two-way A N O V A A N O V A , effect of prey addition: F 1,36 ¼ 9.6, P < 0.01, Fig. 3c ), while the effect on ammonium concentration was not significant (two-way A N O V A A N O V A , effect of prey addition: F 1,36 ¼ 2.6, NS, Fig. 3d ). in sunlight and 20 lE m )2 s )1 on a cloudy day.
Investment in bladders
The production of bladders by Utricularia was lower in the enclosures than in the open water treatments (Fig. 4a ). In the enclosures bladder production was significantly influenced by light (F 1,36 ¼ 11.5, P < 0.005), prey (F 1,36 ¼ 4.6, P < 0.05) and by the interaction between these factors (F 1,36 ¼ 15.6, P < 0.005). The interaction occurred because no bladders were produced in the low-light prey addition treatment (Fig. 4a) . The investment in carnivory, measured as the proportion of biomass production allocated to bladders, was affected by prey density and light (Fig. 4b) . Investment was lower at high prey density than at low prey density (two-way A N O V A A N O V A , F 1,36 ¼ 81.4, P < 0.001), and a significant interaction between light and prey density occurred because a reduction in light had a negative effect on investment at high prey density and a weak positive effect at low prey density (two-way A N O V A A N O V A , F 1,36 ¼ 25.8, P < 0.001). The investment in the open water was similar to the investment made in the low prey density treatment (Fig. 4b) .
As the prey density treatment influenced nutrient concentrations, an alternative interpretation is that nutrient concentrations rather than prey density per se caused the effects attributed to the prey density treatment. To investigate this possibility we analysed the relationships between investment and total phosphorus and nitrogen. Total phosphorus and nitrogen was chosen rather than phosphate and ammonium, which are the forms taken up by the plants, because P tot and N tot are often well correlated with primary productivity (e.g. Vollenweider, 1979) , while such a correlation often is absent for the reactive forms (e.g. Boström, Persson & Boberg, 1988) . The relationships between investment and nutrient concentrations were tested with A N C O V A A N C O V A using nutrient concentration as covariate and light as factor. When total phosphorus concentration (P tot ) was included as covariate we found significant effects of light (F 1,36 ¼ 8.4, P < 0.01), P tot (F 1,36 ¼ 28.0, P < 0.001) and the interaction between light and P tot (F 1,36 ¼ 10.3, P < 0.005; Fig. 5a,b) . This model explained 63% of the variance in investment. The corresponding model with the density of prey as covariate explained a similar proportion of the variance in investment (68%). The univarate correlation between P tot and prey density was high (r ¼ 0.77, n ¼ 40, Effects of light and prey on Utricularia 789 P < 0.001). Thus it is not possible to separate the effect prey from that of phosphorus based on these data. A model including concentration of total nitrogen (N tot ) as covariate yielded a significant effect of N tot (F 1,36 ¼ 5.9, P < 0.05) but not of light or of the interaction, and the proportion of the variance explained by this model was lower (17%).
Growth of Utricularia
Growth of Utricularia, measured as size-specific change in total shoot length, increased with prey density (two-way A N O V A A N O V A , F 1,36 ¼ 19.7, P < 0.001; Fig. 4c ). The interaction between light and prey densities was significant (F 1,36 ¼ 5.1, P < 0.05), reflecting the more pronounced positive effect of prey density in ambient light than in the low-light treatment. Because the size of leaves varied between shoots we also give the final biomass (dry weight) of the top 5 cm of each shoot (henceforth referred to as apical biomass). This response showed a similar pattern as growth (Fig. 4d) , but here all effects were significant (light: F 1,36 ¼ 30.3, P < 0.001, prey density: F 1,36 ¼ 30.8, P < 0.001, light · prey density: F 1,36 ¼ 17.8, P < 0.001). The interaction between light and prey density occurred because light had a strong positive effect on apical biomass in the prey addition treatment.
Closer inspection of the data showed that growth of Utricularia correlated better with prey density (r ¼ 0.82, P < 0.001) than with nutrient concentrations (P tot : r ¼ 0.56, P < 0.05, N tot : r ¼ 0.42, NS) in the treatments with ambient light. In contrast, there were no significant relationships in the treatments with reduced light (all r < 0.38, NS). A similar pattern was found for apical biomass. In the ambient light treatments the correlations were: prey density: r ¼ 0.89; P tot : r ¼ 0.70; N tot : r ¼ 0.56 (all P < 0.01), while in the reduced light treatments all correlations were weak and non-significant (all r < 0.19, NS). . A comparison of correlations between algal abundances and prey and nutrient concentrations across all treatments in the enclosures showed that prey density and P tot , but not N tot , were positively and significantly correlated with plant periphyton (Zooplankton: r ¼ 0.34, P < 0.05; P tot : r ¼ 0.36, P < 0.05; N tot : r ¼ 0.14, NS), while for wall periphyton all three correlations were significant (Zooplankton: r ¼ 0.76, P < 0.05; P tot : r ¼ 0.77, P < 0.05; N tot : r ¼ 0.43, P < 0.05). Phytoplankton density was not significantly affected by the treatments ( Fig. 6c ; Two-way A N O V A A N O V A , all P > 0.19).
Discussion
We found that the production of bladders by Utricularia varied substantially in response to varying prey density and light intensity. The most dramatic effect was seen in the treatment with low light intensity and high prey density where no bladders were produced. Thus, under some conditions a low investment by Utricularia can change the structure of the interaction with crustacean grazers and periphyton from a feedback loop to a linear interaction chain (Fig. 1) . This suggests that dynamic models of the Utriculariagrazer-periphyton system need to recognise that bladder production is a dynamic variable influenced by environmental conditions that, in turn, are the result of food web interactions. Contrary to expectations, based on optimality arguments, we found that increasing prey density reduced the proportion of the biomass allocated to bladder production. However, this result may be caused by a hidden treatment (sensu Huston, 1997) , as Effects of light and prey on Utricularia 791 high prey densities were associated with high concentrations of nutrients, in particular of phosphorus. Thus, an alternative interpretation is that the plants altered their investment in response to the varying concentration of phosphorus. Data from the enclosures show that both factors explain the variation in investment equally well. However, a qualitative comparison of data from the open water treatments and data from the enclosures suggests that prey density does not correlate well with investment, as both high and low prey densities were associated with high levels of investment (Figs 2 and 4b) . In contrast, nutrient concentrations, especially the concentration of P tot , were well correlated with investment: low concentrations of P tot were associated with high investment and vice versa (compare Figs 3a and 4b) . We also find a better agreement with cost-benefit arguments if we assume that Utricularia alters investment in response to the degree of nutrient limitation, rather than prey density. For example, the effect of light intensity on the level of investment was more pronounced in the high-prey treatment than in the low-prey treatment. Our interpretation is that, because nutrient concentrations were high in the highprey treatment, the amount of nutrients taken up directly from the water was sufficient to cause photosynthesis to be limited by light availability. The positive effect of light on the apical biomass and growth rate in the prey addition treatment is in agreement with this interpretation.
In the treatments where no prey were added we found that a reduction of light intensity had a weak, but significant, positive effect on investment (t-test, t ¼ 3.14, P ¼ 0.006). At present we cannot offer a plausible explanation for this result.
As stated in the introduction several earlier studies have found contradictory or counter-intuitive relationships between investment in Utricularia and nutrient concentrations and prey densities (Sorensen & Jackson, 1968; Knight & Frost, 1991; Guisande et al., 2000; Jobson et al., 2000) . Methodological problems may explain some of the differences between studies. First, we think that earlier studies may have used inappropriate response metrics for tests of the predictions derived from optimality arguments. Earlier studies have measured investment as the total number of bladders per plant (Sorenson & Jackson, 1968; Jobson et al., 2000) or the number of bladders per leaf (Sorenson & Jackson, 1968; Knight & Frost, 1991; Guisande et al., 2000) . Friday (1992) demonstrated that there can be large variation in the size of plants, leaves and bladders, and concluded that bladder numbers could not be used to predict the contribution of bladders to total plant biomass. This problem is accentuated in experimental studies where the treatments influence the size of plants and individual leaves. For example, we see different patterns if investment is given as absolute biomass of bladders or as relative biomass (compare Fig. 4a,b) , because the leaves were particularly large in the treatment with prey added and ambient light. Thus, we reiterate the conclusion of Friday (1992) that an appropriate metric when testing optimality predictions is the proportion of biomass production allocated to carnivorous organs. However, when discussing food-web interactions more relevant metrics may be the absolute number or biomass of bladders.
Secondly, we suspect that nutrient concentrations may have acted as a hidden treatment in earlier studies of the effects of prey density on investment, much in the way as it did in our experiment. Adding prey to an experimental system necessarily means that nutrients are added, and the feeding activities of grazers can increase nutrient regeneration and thus increase the availability of the nutrients in forms (e.g. PO 4 3-) that can be taken up by the plants. Also, positive correlations between grazer density and nutrient concentrations are often observed in comparisons of lakes covering a range of nutrient levels (cf. Knight & Frost, 1991; Guisande et al., 2000) .
Thus, it is premature to search for generalities in the effects of environmental factors on the level of investment in carnivory. There is also a need for future experiments that manipulate prey density and nutrient concentrations independently. Ideally, such experiments should take into account that an addition of prey necessarily means that nutrients are added and that the feeding activity of grazers enhances nutrient availability.
Prey density had strong effects on Utricularia performance, supporting other studies that have demonstrated beneficial effects of animal prey on plant performance (Wilson, 1985; Thum, 1988; De Ridder & Dhondt, 1992; Zamora et al., 1997; Otto, 1999) . Prey-derived nutrients, especially phosphorus (Behrendt, 1990; Hessen & Lyche, 1991) , might have directly enhanced plant growth (Lü ttge, 1983 : Givinish et al., 1984 . In the prey addition treatment Utricularia had few or no bladders, however, suggesting that the high growth rate in this treatment was because of some other, indirect effect. One possible indirect effect is that the increased density of grazers reduced competition from algae for light and nutrients (Carpenter & Lodge, 1986; Sand-Jensen & Borum, 1991; Adamec, 1997a; Moeller et al., 1992; Havens et al., 1999) . However, the abundance of periphyton growing on Utricularia was high rather than low in this treatment suggesting that this indirect effect was unimportant. A more plausible explanation is that the high concentration of nutrients in this treatment supported rapid growth by both Utricularia and periphyton. We suspect that the high phosphorus content was an effect of adding large number of prey, some of which may have died.
Adding grazing microcrustaceans to the enclosures did not reduce periphyton, contradicting other studies that demonstrated grazer effects (Cuker, 1983; Power, Stewart & Matthews, 1988; Hill, Boston & Steinman, 1992; Jones et al., 1999) , but supporting others that failed to demonstrate such effects (Cattaneo & Kalff, 1986; Gresens, 1995) . Again, our interpretation is that the positive effect of increased nutrient levels was larger than the effects of grazing.
Finally, we note that investment by Utricularia has potential implications for food-web structure and dynamics. The Utricularia-grazer-periphyton system forms a loop that is self-limiting, if we consider the negative interactions (two predatory links and one competitive link), but reinforcing, if we consider the positive interactions that run in the other direction (Fig. 1) . Reducing the investment in bladders to zero changes the structure of this loop to a linear chain of interactions. The consequences of disrupting the reinforcing loop (no nutrients are transferred from microcrustaceans to Utricularia) should be negligible if, as suggested by our results, it only occurs when the plant is not nutrient-limited. Disruption of the selflimiting chain (Utricularia do not reduce prey density) may be more important as this chain of interactions is potentially stabilising.
